In the present study, large eddy simulation methodology is applied to investigate the 3D non-premixed flameless oxidation in the IFRF furnace. In order to serve this purpose, to model the combustion and radiation, the partially stirred reactor and finite volume discrete ordinate model are used, respectively.Moreover, the detailed mechanism of GRI-2.11 is undertaken to represent chemistry reactions. The present simulations agree qualitatively well with published experimental data. Finally, the present study focusses on the assessment of the effects of variations in the fuel vertical injection by adding an inert gas as well as the fuel temperature on combustion behavior. The results revealed that important changes occur in the characteristics of the flameless oxidation process.
Introduction
Heretofore, comprehensive studies have been carried out on clean and efficient combustion. In this context, the flameless oxidation technology (FLOX) has been detected. FLOX technology was initially developed to minimize NO x emissions produced in industrial furnaces, using high-temperature preheated air. 1, 2 This combustion is also named high-temperature air combustion (HiTAC), because the combustion air is usually preheated up to higher than 1200 K and even more. Other names, e.g. MILD combustion, can be found in the literature as well. Until now, this type of combustion has been examined experimentally and numerically. To consider the experimental efforts, Weber et al., 3 Lille et al., 4 and Colorado et al. 5 investigated the MILD combustion of different fuels, i.e. natural gas, light fuel oil, heavy fuel oil, coal, gasol (>95% of propane), and biogas and natural gas. A prototype flameless oxidation gas turbine combustor has been investigated experimentally and numerically by Danon et al. 6 on low calorific value fuels. The characteristics of a multi-burner flameless oxidation furnace were investigated experimentally 7, 8 and numerically 9 in the semiindustrial 300 kW regenerative FLOX system. Burner configurations (horizontal and triangular configuration) and operating modes (parallel and staggered firing) were compared in the combustion tests performed, studying their effect on furnace efficiency, emissions (NO x , CO) and temperature uniformity. The results showed that the parallel mode has lower emissions of NO x and CO due to the temperature uniformity. 10 Furthermore, horizontal configuration showed lower NO x emission than the triangular configuration. 11 Li et al. 12 investigated the characteristics of MILD oxy-combustion using natural gas, liquefied petroleum gas and ethylene at a firing rate of 13 kW in a laboratory-scale furnace. They found that MILD combustions occur for the three fuels, even when using pure oxygen as oxidant. Weidmann et al. 13 presented the detailed investigation of FLOX technology at the pilot-scale test facility. They found the major features of FLOX, e.g. delayed ignition, low reaction intensity as well as homogeneous temperature and radiation profiles. Shim et al. 14 applied the MILD combustion of dried sludge with the goal of reducing NO x emissions using both laboratory-scale vertical combustor with internal circulation and horizontal cyclone combustor with external circulation. Their tests were conducted to find suitable operating conditions and to demonstrate the stable MILD combustion of dried sludge. Finally, Huang et al. 15 investigated the effect of the fuel injection velocity on MILD combustion of syngas in an axially staged combustor. Ye et al. 16 presented a study on moderate or intense low oxygen dilution (MILD) combustion of prevaporised liquid fuels burning in a reverse-flow MILD combustor under elevated pressures. Their results showed that, the NO x emission is reduced by increasing the air jet velocity as well as the fuel is carried by nitrogen instead of air. There are a great number of relevant numerical studies available in the literature. Christo and Dally 17 tested several models for MILD combustion and found that the eddy dissipation concept model with a detailed kinetic scheme was the best. Mardani et al. 18, 19 studied the effect of hydrogen on H 2 -CH 4 turbulent non-premixed flame as well as the importance of molecular diffusion versus turbulent transport under MILD combustion regime by using computational fluid dynamics (CFD). Mi et al. 20, 21 studied the influences of air-fuel injection momentum rate and the air-fuel premixing on the MILD combustion in a 20-kW recuperative furnace, both numerically and experimentally. Their study suggested that there is a critical momentum rate of the inlet fuel-air mixture below which the MILD combustion cannot occur. Also, both experimental and numerical data revealed that, above the critical rate, both the inlet fuel-air mixedness and momentum rate impose insignificant influence on the stability of and emissions from the MILD combustion. Mild combustion regime was investigated for the diffusion flame of a hydrocarbon fuel jet in hot flue-gas co-flow with varying oxygen fraction $ (up to 100%) by Wang et al. 22 They used CFD to obtain both forced-ignition and auto ignition temperatures. In addition, Mi et al. 23, 24 have conducted several works on flame characteristics of MILD combustion regimes, such as influence of initial injection conditions of reactants on from a parallel multi-jet burner as well as the effects of air inlet temperature and effective equivalence ratio of fuel in the reaction zone structure and entropy generation of combustion. 24 The oxy-fuel combustion of a methane jet in hot coflow (JHC) was simulated by Mei et al. 25 in order to find out the influences of the oxygen molar fraction, temperature and velocity of the O 2 /CO 2 coflow on the dimensions of the JHC reaction zone or flame. Their results showed that, as either oxygen molar fraction or velocity decrease or temperature increases, the volume of the JHC reaction zone increases and hence, the overall oxidation rate of CH 4 decreases. De et al. 26 reported the Delft-Jet-inHot-Coflow flames using the transported PDF models, i.e. Lagrangian Probability Density and MEPDF model and found that both models produced similar results which were found to be in good agreement with the experimental measurements excluding some discrepancies in the downstream region. Major sources of errors in modeling these flames are the inaccuracies in modeling turbulence chemistry interaction which are reported in this paper. Vascellari et al. 27 investigated the MILD combustion for pulverized coal. They used a new heterogeneous combustion sub-model. Coelho and Peters, 28 Ihme and Chee, 29 and Afarin and Tabejamaat 30 confirmed the large eddy simulation (LES) for modeling the FLOX combustion. Kulkarni and Polifke 31 investigated a turbulent combustion model based on tabulated chemistry and stochastic field model for turbulence chemistry interaction as a mild technology, using LES. Bhaya et al. 32 reported the ability of the LES methodology in evaluating the turbulent reacting flows of the Delftjet-in-hot-coflow burner, emulating MILD combustion, with transport probability density functionbased combustion models. Hosseini et al. 33 threedimensionally analyzed the combustion characteristics of biogas flameless mode based on clean technology development strategies and subsequently the effects of preheated temperature and wall temperature, reaction zone and pollutant formation were discussed. The flames imitating MILD combustion in two burners (one is Adelaide Jet-in-Hot-Coflow burner and the other one is Delft-Jet-In-Hot-Coflow burner) are studied using the Eulerian probability density function modeling approach by Dongre et al. 34 Their results indicated that, in the case of Delft-Jet-In-Hot-Coflow burner, for Re ¼ 4100, the mean axial velocity profiles and the turbulent kinetic energy profiles are in good agreement with the experimental database, while the temperature profiles are slightly over-predicted in the downstream region, whereas in the case of Adelaide burner, the computed profiles of temperature and the mass fraction of major species are found to be in acceptable agreement with the measurements, while the discrepancies are observed in the mass fraction profiles of CO 2 38 Their finding illustrated the establishment of complex dynamic behaviors in terms of temperature oscillations for both lean and rich fuel mixtures in both nonadiabatic and adiabatic conditions. Due to immense applications of this technology in the various industries, and with regard to previous studies, this technology requires further examinations to analyze the behavior of different modes of combustion. In this paper, the FLOX technology is simulated by applying the LES turbulence methodology, see details in Afarin and Tabejamaat, 30 and partially stirred reactor (PaSR) [39] [40] [41] in order to model combustion. The flow field is discretized using the control volume method, and PISO algorithm 42 coupled the pressure and velocity fields. The results are compared to the available experimental data. 43 However, the focus of the present study is an assessment of the variations in the combustion behavior by using fuel vertical injection, the effect of adding Argon, as well as various fuel temperatures.
Mathematical model
The governing equations including the Favre-averaged form of continuity, momentum, energy, species conservation, and LES equations are solved in order to simulate the flow field numerically. 35 The so-called Top-hat filter 44 is applied for dividing the quantities into filtered and unfiltered quantities. The Favre-averaged and Smagorinsky model 45 are used for averaging of the filtered quantities in Navier-Stokes equations and modeling the unfiltered quantities, respectively. In this study, Cþþ library OpenFOAM is utilized for numerical simulation. Here, the flow solver is based on the PISO algorithm. The DRM-22 which is a reduced version of the GRI1.2, models the chemical kinetics, consisting of 22 species and 104 reversible reactions. The time step is about 10 À6 s, which is reduced to 10 À8 s when the combustion starts in order to maintain Courant number at the value of 0.5.
Large eddy simulation
The naturally three-dimensional and unsteady turbulent flows are often influenced by strong non-homogeneous effects and rapid transformations which prevent using the isotropic models in simulations. 46, 47 The modified sub-grids methods which can improve LES methodologies are also presented, although their usage is confined due to their natural complexity. Therefore, new methods for simulating the sub-grids scale are in progress. In common methods, some models are presented to consider the effects of subgrids scale in filtered Navier-Stokes equations. 48 LES is more common than the other models. In this model, at first, large scales should be solved with energy which is given to them, while, the small scales can be modeled. In LES methodology, the filter is used to separate the large scales from the smaller ones. 49 Therefore, all variables like f are divided into two parts: grid and sub-grid. In other words, f ¼f þ f 0 wheref is subgrid tention. 49 By filtering the variables in the compressible Navier-Stokes equations, the instantaneous filtered equation leads to the following equations. A more detailed discussion can be found in Poinsot and Veynante
In the above equations, the tilde and bar symbols indicate filtered Favre and filtered quantities, and u, p, , h, Y k and are the velocity vector, pressure, flow density, enthalpy, mass fraction of kth species, and Kronecker delta, respectively. The isentropic contribution, T kk , in equation (which is twice the sub-grid scale turbulent kinetic energy) is unknown and usually absorbed into the filtered pressure. Furthermore, Sct and Prt are considered as a unity. All terms in the above equations are closed except the species transport's (equation (2)) source term. Furthermore, the sub-grid scale kinetic energy is obtained by
The SGS is the sub-grid scale viscosity; " SGS is the sub-grid scale dissipation, is the stress tensor which is computed according to the expressions
where C k and C e are set to 0.2 and 1.048 in this study. In addition, the grid scale rate of stress tensor " S À Á is defined as follows
The DRM-22, a reduced version of the GRI1.2, models the chemical kinetics; consisting of 22 species and 104 reversible reactions. Finally, the reaction mechanism is expressed in equation (10)
In the above relation, k fj and k bj are constant rates of equilibrium reaction. Furthermore, the filtered species reaction rates are
in which the jth reaction rate is
where according to equation (3), Y i is the mass fraction of specie i.
PaSR method
The turbulent flow is related to the combustion terms using the PaSR method. In the PaSR method, each computational cell is divided into two parts: reactive and unreactive. In the reactive part, it is supposed that the participant components in reaction are mixed well, which is the main assumption of PSR method. The final mixture consists of both burned and unburned gases as the results of reactive and unreactive parts, respectively. The ratio of reactive to unreactive parts in PaSR is calculated as
In the above equation mix ¼ C mix ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi eff = " " ð Þ p is the mixing time and C mix is equal to one. The value of time step in the chemical reaction ( c ) is determined based on total molar concentration in each computational cell and average of its variations. The value of the depreciation rate of sub-grid vortex" ð Þ is evaluated as
The constant value in the above equation is considered to be the standard value of the model which is equal to 1.048. Based on PaSR model, the rate of molar concentration changes of chemical components is estimated by equation (15)
In this equation, C ð Þ is equal to time step of the solution. It should be noted that the relation between PaSR method and LES methodology is based on the reaction rate. Therefore, by using this method (R), the species transport equation changes to the below equation
Discretization
The discretization scheme with the higher order is needed in LES model, because the sub-grid terms covering using leading-order truncation error should be prevented. Totally, sub-grid terms are proportional with such that 4/3 < P < 2. The filter width (Á) is usually related to generated grids and also produces the modeled sub-grid scale stresses and flux parameters, whereas their magnitudes are equal to O d j j p ð Þ. It should be considered that d j j is the magnitude of grid in Á / d j j. In the LES model, spectral or pseudo spectral, and high-order finite volume or finite difference methods are used for spatial discretization, and explicit semi-implicit or predictor corrector methods of at least second-order accuracy is used for time integration. On the other hand, LES model does not usually filter for time domain; therefore, it should be solved for those scales in which rt 5 k where rt is the time step and k is Kolmogorov time scale. Furthermore, Courant number lower than 0.2 is suitable, while only large scale should be remained. According to the definition of cell average approximation on the pth-cell, Gauss theory is applied to extract the semi-discretization equations of LES model. In addition, all the calculations are implemented by utilizing OpenFOAM environment. Figure 1 shows the schematic of the combustion chamber considered in this work. This chamber has two fuel entrances which were located 0.28 m away from the centerline of the chamber. In addition, fuel is injected with a velocity of 110 m:s À1 . Furthermore, there is a central nozzle for oxidizer injection with an injection velocity of 80 m:s À1 . The diameters of fuel, oxidizer, and outlet nozzle are 0.0273, 0.125, and 0.75 m, respectively. Moreover, the length, width, and height of the combustion chamber are 6.25, 2, and 2 m, individually. The inlet velocity, temperature, and composition of fuel/oxidizer are also illustrated obviously in Table 1 , in order to compare the numerical results with the available experimental data, 43 and the global mixture fraction is 0.12. No slip, impenetrable and constant temperature conditions are applied for walls. Additionally, the pressure of the outlet is constant and is considered to be 1 atm. Furthermore, to obtain the optimum number of grids in terms of speed, accuracy of the solution, and grid independence, the model has been solved with 10 different sizes of grids between 2:5 Â 10 7 and 5 Â 10 7 . Finally, a grid with 3:8 Â 10 7 cells is selected. Furthermore, the total duration of the simulation is 2 s and all variations reported are time averaged.
Computational domain

Results and discussion
Solution validation
Pope 51 discovered that the LES methodology has excellent performance, while a value of the turbulenceresolution tolerance ($) is specified, e.g. $ ¼ 0.2 corresponds to the resolution of 80% of the kinetic energy (). Figure 3 shows the velocity profile along the Y-direction at Z ¼ 0.735 and 2.05 m, individually. These curves compare the LES turbulence numerical solution as well as experimental data. 43 The results which are obtained from the LES turbulence model are consistent with the experimental data. Furthermore, since the mixing in the LES is absolutely essential for validating the results of LES methodology, Figure 4 depicts the comparison between the result of numerical method and experimental data 52 for CH 4 distribution. It is clear that the obtained results of LES are in good concordance with high accuracy with experimental data. After ensuring the accuracy of the simulation method, the combustion behavior is examined using fuel vertical injection; the effect of adding Argon, as well as the effect of fuel temperature on several parameters are examined.
Effect of vertical injection
In this section, the impacts of fuel vertical injection are analyzed. As is evident from Figure 5 , the location of the fuel inlet nozzle shifted to the sidewall (Z ¼ 500 mm) of the combustion chamber, but other conditions are similar as shown in Table 1 . Figure 6 reveals the maximum flame temperature for fuel vertical injection. The results show that the maximum flame temperature increased up to 3200 K with applying the fuel vertical injection. Since the FLOX technology is relevant if the inlet temperature and the temperature growth T max À T oxi: ð Þ are, respectively, slightly higher and lower than the auto-ignition one. 53 mode may satisfy with the condition of
, where T max , T oxi: and T fl are the maximum flame, oxidizers and flammable temperatures, respectively. Meanwhile, the condition T max À T oxi: ð Þ 4 T fl is satisfied with high-temperature combustion mode. Figure 6 (a-b) shows the temperature and mass fraction of CH 4 contours which from Figure 6 (a), the maximum combustion temperature is 3200 K, which is due to the increase in combustion temperature, Flameless combustion conditions are eliminated and there is a high-temperature combustion process. Furthermore, Figure 6 (b) indicates that the fuel is burned almost completely meaning that the vertical fuel injection leads to faster mixing of the fuel and air.
Effect of adding argon
Dilution is a method in which by adding a high thermal capacity dilutor, the thermal capacity of the mixture increases, leading to lower temperature inside the furnace and less pollutant emissions. 54, 55 This section shows the effect of using the Argon (0, 3, 6 and 12% Vol.) in the combustion process, according to Table 2 . The specific heat ratio increases by increasing argon dilution percentages to reverse the trend for normal air mixture in which its specific heat ratio decreases and, therefore, this leads to lower flame temperature and NO x production. Furthermore, the added amount of argon enlarges the density of the mixture. As the mixture density increases, the mass flow rate of the inlet oxidizer and the air-fuel ratio increase. The average temperature variation versus the added argon ratio could be seen in Figure 7 . The temperature decreases as the argon enters to the combustion chamber, and this means that the Argon acts like a thermal absorber. Moreover, according to Figure 7 , increasing the percentage of the Argon drops the difference between maximum and minimum temperature. Furthermore, Argon reduces the flame temperature and temperature peak by reaching to the heart of combustion flow field without making any change to flow pattern. This could occur due to the increase of heat capacity of the mixture. The main objective of adding the inert gases is to reduce the NO x formation from the combustion. Argon inert gas was successfully selected for this purpose as the NO x emission obviously decreases with increasing this gas. Figure 8 shows the average NO x profiles in ppm. As is evident, finding Argon gas in the oxidizer has resulted in the drop of NO x when its value is increased from 0% to 12%. Extenuate of the NO x emission is considered as an advantage to the addition of argon to the combustion. It may be mentioned here that the NO x is generally formed and affected by the following 56 : (1) the existence of nitrogen and oxygen, (2) the air-fuel ratio, (3) high temperature and (4) the existence of a diluent. Here, the addition of argon reduced the molecular N 2 in the inlet oxidizer, while the O 2 has been kept constant (see Table 2 ). Diminishing the N 2 mole fraction reduced the emission of NO x in the combustion chamber meaning there are other factors playing an important role in the process. The other reason for the reduction of NO x is increasing the air-fuel ratio (by raising the density of oxidizer) as it is a major factor role in this reduction as it was shown before. 57 The main factor that plays an important role in reducing the NO x is the existence of an inert gas which is the Argon here. As mentioned above, Argon reduces the flame temperature and temperature peak by reaching to the heart of combustion flow field without making any change to flow pattern. By reducing the temperature, there will be no enough energy to break the molecular bonds of N 2 , although it may raise the amount of CO concentration.
Effect of fuel temperature
Increasing the fuel inlet temperature leads to the higher ratio of air to fuel, smaller temperature peaks, and lower emission of NO x . In addition, according to Yang and Blasiak's results, 58 as shown in Figure 9 , increasing the fuel inlet temperature decreases the flame's volume. Figure 10 shows the CH 4 concentration values at various fuel temperatures and 1300 C diluted air.
The fuel mole fractions are obtained at specific axial distances from the air nozzle inlet. The results demonstrate that increasing the fuel temperature at a fixed condition causes a decreasing trend in the fuel concentration. This phenomenon occurs because the viscosity of the gas flow depends on temperature through Sutherland law; therefore, the variation in inlet temperature 59 changes flow Reynolds number. The results of changing the fuel temperature exhibit that increasing the flow temperature would not change the flow paths, but flow velocity increases by raising the temperature. Higher fuel temperatures lead to a faster airfuel mixing, which causes lower fuel mole fractions. The maximum rise in combustion temperature is shown as a function of the fuel temperature at a predetermined condition in Figure 11 . Generally, fuel temperature increment leads to an increase in the temperature rise ÁT ð Þ. The results demonstrate that a slight increase in the maximum temperature occurs with increasing the fuel temperature. In addition, Figure 12 illustrates the contour of process temperature in several inlet fuel temperatures, revealing that at the out-of-the flame region, as fuel temperature increases, the temperature of combustion process increases.
Based on many literature, 58, 60 fuel inlet temperature has various effects on flames volume, mean residence time, and flames uniformity. As was described, increasing the fuel inlet temperature decreases the flame volume, while the oxygen mole fraction in the preheated air remains constant. Since the volume of flame can be the main parameter in the rate of NO x formation, it can be predicted that flame temperature increment decreases the NO x emission. As is evident from Figure 13 it can be explained by the fact that the increase of the initial velocity of the fuel jet improves the mixing between fuel and preheated air which results decreases in flame volume. In addition, increasing the velocity causes more uniform distribution of reactants inside the combustion chamber and the residence time of the fuel in high-temperature region decreases with increasing fuel temperature which finally results in low NO x emission.
Conclusion
In the present study, non-premixed FLOX technology has been investigated by using the LES methodology on 3D cases. To serve this purpose, the finite volume discrete ordinate model and PaSR model are applied to obtain best results. The obtained results are compared to published experimental measurements. 43 Afterwards, the combustion characteristics are examined, using fuel vertical injection, impacts of adding an inert gas, as well as the effects of fuel temperature on several parameters. Several results can be reported as follows: Applying the fuel vertical injection increases the maximum flame temperature up to 3200 K and shifts the FLOX technology to the high-temperature combustion process. Increasing in the percentages of argon leads to lower flame temperature and NO x production. In addition, growing in Argon percentage leads to drop of maximum to minimum temperature difference which may be due to expanding the heat capacity of the mixture. Increase of the fuel inlet temperature results in higher ratio of air to fuel and lower emission of NO x . Moreover, increasing the fuel temperature causes a decreasing trend in the fuel concentration. As the fuel temperature increases, the maximum flame temperature slightly increases. Fuel temperature increment increases the mixing of fuel and preheated air, contributing to a decrease in flame's volume. Finally, the NO x emission volume reduces. Increasing the fuel temperature increases the velocity. This leads to a more uniform distribution of reactants inside the combustion chamber. The impacts of the fuel temperature changes on the flames volume, mean residence time, as well as flames uniformity are more than the influences of maximum temperature changes on NO x .
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